INTRODUCTION
Atmospheric aerosols including sea salts, crustal dusts, biogenic materials and anthropogenic emissions are the main sources of chemical elements in rainwaters (Junge 1963) . The determination of the chemical composition of rainwater provides an understanding of the source types that contribute to rainwater chemistry and enhances our understanding of the dispersion of elements, whether pollutants or not, and their potential impact on hydrosystems through precipitation and wet deposition processes (Berner and Berner 1987) .
The aim of this study is to present the results of the first study of both Li and B isotope ratios in rainwater samples collected over a long time period (i.e. monthly rainfall events over one year, Négrel et al. 2007 ) at a national scale. In addition, the stable isotopes of the water molecule (δD and δ 18 O) are also reported here for the same locations (Brest, Dax and Orléans) so that we can discuss the Li and B isotope data in the same context and to provide a framework for the main processes affecting the isotope signatures of the rainwater. Since rainwater is the main input in hydrogeological systems, monitoring the H-O-Li-B isotopic compositions of rainwater at the national scale should enable us to compile a reference system of meteoric isotopic signatures for all of France, as an addition to the Sr isotopes data previously reported by Négrel et al. (2007) .
The recent development of new isotopic techniques (e.g. lithium and boron: δ B values, which should be corrected for atmospheric input, in order to characterize the anthropogenic signature and/or the signature derived from water-rock interactions.
RAINWATER SAMPLES

Sampling sites
Monthly rain water samples were collected at five different locations throughout France 
Sampling technique
A direct polycarbonate funnel (Négrel et al. 1997) , 12 cm in diameter and with an area of ~ 110 cm 2 , was used to collect the rainfall samples in Brest, Dax and Orléans. This apparatus enables precipitation measurement by direct reading, without the need for preliminary transfer into a measurement test tube. The rainwater was stored in a polypropylene jerrycan to avoid any evaporation or modification of the sample. The accumulation of daily samples enabled a monthly sample of rain to be obtained.
An automatic precipitation sampler was also designed for collecting rainwater samples at the site near Clermont-Ferrand (Négrel and Roy 1998) . The basic requirements for our collector were automatic detection and collection of rainfall, elimination of dry fallout, collection of frozen precipitation and prevention of sample contamination. A removable PVC lid covers the funnel when no rain is falling. The cover opens to expose the funnel when electrical contact is made in the rain detector. A polypropylene funnel (45 cm in diameter) was used to collect the rainfall.
After monthly sample collection, 100 mL were used for δD and δ 18 O determination. The rest of the rainwater samples were filtered through pre-cleaned 0.45 µm acetate filters using a pre-cleaned Nalgene filter apparatus and the filtrate was separated into two aliquots. From this: (i) 100 and 1000 mL were acidified with double-distilled nitric acid (pH = 2) and stored in pre-cleaned polyethylene bottles for major-cation analysis and lithium isotope ratio and elemental Li and B determinations, and (ii) 500 mL were stored unacidified in polyethylene bottles for anion analysis and B isotope ratio measurements.
ANALYTICAL METHODS
Chemical parameters and stable isotopes of the water molecule
The rainwater samples were chemically analysed by atomic absorption spectrometry (Ca, Na, K, and Mg concentrations, accuracy 5%), ion chromatography (Cl, SO 4 and NO 3 concentrations, accuracy 5%) and inductively coupled plasma mass spectrometry (Li and B concentrations, accuracy 5%). Accuracy and precision for major and trace elements was verified by repeated measurements of standard materials during the course of this study:
namely Ion96-3 and LGC6020 for cations and anions and pure Li and B standard solutions (Merck) for Li and B determinations. In the present work, it was challenging to measure Li and B isotope compositions in rainwater samples due to their low content (a few µmol/L). We, therefore, developed new sensitive techniques (Millot et al. 2004a , 2004b , Guerrot et al. 2010 in order to be able to accurately and precisely determine δ 7
Li and δ
11
B for rainwater samples.
Lithium isotopes
Lithium isotopic compositions were measured using a Neptune Multi Collector ICP-MS (Thermo Fischer Scientific).
7
Li/
6
Li ratios were normalized to the L-SVEC standard solution (NIST SRM 8545, Flesch et al. 1973) following the standard-sample bracketing method (see Millot et al. 2004a for more details). The analytical protocol involves the acquisition of 15 ratios with 16 s integration time per ratio, and yields in-run precision better than 0.2‰ (2σ m , 2
x Standard Error). Blank values are low, (i.e. 0.2%), and 5 minutes wash time is enough to reach a stable background value.
The samples must be prepared beforehand with chemical separation/purification by ion chromatography in order to produce a pure mono-elemental solution. Chemical separation of
Li from the matrix was done prior to the mass analysis, following a procedure modified from the technique of James and Palmer (2000) , using a cationic resin (a single column filled with 3 mL of BioRad AG ® 50W-X12 resin, 200-400 mesh) and HCl acid media (0.2N) for 30 ng of Li. Blanks for the total chemical extraction were less than 30 pg of Li, which is negligible since it represents a 10 -3 blank/sample ratio.
Successful quantitative measurement of Li isotopic compositions requires 100% Li recovery during laboratory processing. Therefore, frequent column calibration was done and repeated analyses of L-SVEC standard processed through columns shows 100% Li recovery and no induced isotope fractionation due to the purification process.
Accuracy and reproducibility of the entire method (purification procedure + mass analysis)
were tested by repeated measurements of a seawater sample (IRMM BCR-403) after separation of Li from the matrix, for which we obtained a mean value of δ Li-rich reagent, as was pointed out by Qi et al. 1997 , who showed that
Li values in laboratory reagents could range between -11 and +3013‰. Indeed, it is well known that lithium can be isotopically fractionated due to the removal of 6 Li for use in hydrogen bombs. The remaining lithium is therefore substantially enriched in 7 Li and some of this lithium has found its way into laboratory reagents and into the environment (Coplen et al. 2002) . In addition, we also measured an ICP 
Boron isotopes
Boron isotope composition were determined following a newly-developed methodology for precise and accurate measurement using a Neptune double-focusing multi-collector sector ICP-MS (Guerrot et al. 2010 ).
To avoid any drift of the mass bias induced by the sample matrix, chemical purification of 100 ng B was done before the mass analysis, following a procedure described in Guerrot et al. (2010) , using the specific boron resin IRA743 and 0.42N HNO 3 acid media with a final boron concentration of 50 ng/mL.
11
B/ 10 B ratios were normalized, following the standard-sample bracketing method, to the NIST SRM-951 standard solution (Catanzaro et al. 1970 ) run through chemistry (Guerrot et al. 2010) . Analytical uncertainty for each individual The five monitoring stations (Brest, Dax, Orléans, Thonon and Avignon) were selected in order to have a good distribution over the national territory (Fig. 1 ). This enables, firstly, to follow the evolution of the isotopic signal over a West-East transect from Brest to Thonon via Orléans, and, secondly, to observe the influence of Mediterranean versus Atlantic air masses.
The equation of the Global Meteoric Water Line (GMWL) is δD = 8 x δ 18 O +10 (Craig 1961 ).
The arithmetic (unweighted) means of isotopic ratios in precipitation from nearly 410 stations are described by the following equation: δD = 8.07 (± 0.02) x δ 18 O + 9.9 (± 0.1), R² = 0.98.
Long-term means weighted by the amount of precipitation were calculated only for the year for which more than 70% of the rainfall was analysed and at least one year of observation was available (Gourcy et al. 2005 (Celle et al. 2000) . These weighted means are reported in figure 3f , in which all points plot very close to the GMWL, and highlight the continental effect (also called the distance-from-the-coast-effect) with progressive depletion in heavy isotopes from Brest (Atlantic coast) to Thonon via Orléans ( Fig. 1 ). It is worth noting that the best fit regression lines of the annual weighted means of these three stations described a quasi-straight line very close to the GMWL ( Fig. 2b ),
suggesting a genetic link of rainfall for the three stations.
In greater detail, the continental effect can be assessed between Brest and Thonon samples O values vary between 1 and 2‰ over the monitoring period, as was observed in Wallingford, UK . This is typical of temperate climates where a large part of the spread is caused by variations in the average annual temperature (Gat et al. 2001 ). These variations from year to year show why it is difficult to assess the real signature of precipitation in a given place without long-term monitoring. This should be kept in mind when drawing a contour map of δ
18
O for a vast territory for which only a few longterm monitoring data are available.
Lithium an boron concentrations in rainwaters
Major elements (cations and anions) and lithium and boron concentrations in rainwater The overall range of variation for Li and B concentrations can be seen in figure 5a and 5b, where lithium and boron concentrations are plotted as a function of the Na concentrations as seasalt tracer (Négrel and Roy, 1998) . Again, we see that these rainwater samples are rather homogenous for lithium concentrations (with the exception of 2 Li-rich samples). Moreover, it appears that rainwaters are slightly enriched in Li and B compared to Na derived from seawater. No correlation could be found, however, between Li and B concentrations in rainwater samples (Fig. 5c ).
Lithium and boron isotopes
Lithium and boron isotope compositions are reported in table 1 and figure 6. The most striking outcome of this study is that there is a very large range of variation (between +3.2 and +95.6‰) for δ Li and Li concentrations (Fig. 7a) . Indeed, the range of δ 7 Li variation is covered at both low and high Li C Activity close to 100%) was used as a reference material as it has been shown to be often reasonably representative of long-term rainfall . Data for 12 groundwater bodies were used. No data are available for the Rhône River Valley. We, therefore, used a signature calculated from that of a landsnail shell from the Northern part of the valley (Lécolle 1985) .
To better determine the isotopic signature at the French border, we used data from the literature or long-term rain monitoring data in the GNIP database for neighbouring countries (GNIP 2007 , Plata-Bedmar 1994 , Longinelli and Selmo 2003 , Longinelli et al. 2006 , Schurch et al. 2003 . The contour map of δ 18 O values was drawn manually for the following reasons: (1) to take into account the altitude from the topographic digital terrain model (DTM) for a better interpolation, reflecting the altitude affect and (2) to give a greater weight to the most representative samples (length of the monitoring campaign, altitude, etc.) when large isotopic variations were observed at small scale. Our attempts to automatically generate the map with dedicated software with kriging methods were rather inconclusive mainly because, as the data including the altitude effect, it was impossible to take into account the DTM in the interpolation without a risk of taking the altitude effect into account twice.
The resulting map of the meteoric δ 18 O signal (Fig. 8) clearly shows the main effects that could affect the isotopic signature of rainwater. The continental and altitude effects are clearly visible. It is also in good agreement with the map drawn by Lécolle (1985) , with a high degree of precision, especially in the North. This map is the first one drawn at the national scale based on most of the isotopic data available in France, and which takes into account data for neighbouring countries in order to better constrain the contour lines along the borders. It is, therefore, a unique tool for assessing the stable isotopic signature of aquifer recharge for oxygen isotopes.
Nevertheless, it is worth noting that the rainwater data used often integrate only one year of rainfall and we have shown that the mean annual weighted δ 18 O values vary from 1 to 2‰ due to variations in the average annual temperature typical of temperate climates. This map can, therefore, be a valuable addition to local rain monitoring when a specific aquifer is being studied.
In this paper, we report only the δ
18
O signature for France. However, δD can be determined using the global correlation between δD and δ
O (the Global Meteoric Water Line) since all the data considered plot, for the most part, along this line.
Lithium and boron isotopes variations
Seasonal and spatio-temporal variations
Monitoring rainwater samples over a period of one year at different locations allows us to study seasonal effects on the range of variation for both Li and B isotopes. We have plotted
Li and B isotopes as a function of the rainfall amount (mm) (Figs. 9a and b ) and the month (Figs. 9c and d) . The rainfall amount seems to have no effect on δ 7
Li variations (Fig. 9a) . The total range of variation for δ
7
Li values seems to be independent of the rainfall amount, and this is especially true for Orléans, Brest and Dax. On the other hand, for Brest and Dax samples (sampling points on or near the coast), the rainfall amount does seem to control δ 11 B variations to some extent (Fig. 9b) (Fig. 9b) . Likewise, the month does not appear to have any effect on δ
Li values (Fig. 9c) . However, There appears to be no correlation between δ 11 B values and the month (Fig. 9d) . The range of variation for δ 11 B is controlled, first of all, by the location (inland vs. coastal) of the sampling point.
Wind direction and air mass origin
13
The origin of the air masses for the French rainwater under consideration was studied using The effect of wind direction, and thus the origin of the air masses, at each sampling site was investigated by identifying correlations between wind direction and Li-B concentrations and their isotopes.
Lithium
Li concentrations and δ 7 Li values were plotted as a function of the wind direction (Fig. 10 ). Li values, no effect is observed, here again, for Brest rainwaters (Fig. 10a) , which means that most of rainwater at this site is homogeneous for both Li and its isotopes, even though the wind direction can range significantly (from 50 to 240°, i.e., NE to WSW).
The wind direction does not control Li content in Brest and
For Dax and Orléans samples, opposite phenomena are observed concerning Li isotopes.
When the air masses have a Western origin (oceanic input), δ 7
Li values tend to increase slightly for Dax rainwaters but decrease slightly for Orléans rainwaters (Figs. 10c and 10e ).
The most striking observation concerns Clermont-Ferrand rainwaters, for which δ 7 Li values display two interesting trends as a function of the wind direction (Fig. 10g) Li-rich rainwaters are characterized by air masses coming from SSW of the sampling site during the winter and spring.
Boron
B concentrations and δ
11
B values were plotted as a function of the wind direction (Fig. 11) (Fig. 11e) . Li values are measured in some rainwater samples collected near Clermont-Ferrand. We, therefore, discuss below the origins of lithium and boron in rainwaters, and the associated isotope signatures, that might explain the observed range of variation for both Li and B isotope systematics.
Origin of lithium and boron in rainwaters
Seawater (by contributing sea salts) might be one of the major suppliers of atmospheric lithium and boron, but other sources must also to be taken into account. We, therefore, determined the contribution of sea salts to lithium and boron in rainwater samples.
Na concentrations in rainwater samples can be used to estimate the sea salt contribution of other ions because Na is the best tracer of sea salt input in rainwater (Keene et al. 1986 , Négrel and Roy 1998 , Basak and Alagha 2004 , Rastogi and Sarin 2005 . Distinguishing between the sea salt (ss) and non-sea salt (nss) component contributions in rainwater (rw) (Fig. 13) . Results show that the contribution of sea salt for boron concentrations in rainwaters is greater than for lithium concentrations. Indeed, considering average values for the 4 different sampling sites, we see that the marine contribution (sea salt) to B in rainwaters is twice that to Li (22.3% and 12 .0%, respectively, Fig. 13 ). The distance-from-the-coast-effect (inland vs. coastal location) is the key parameter controlling the marine contribution for both Li and B to rainwater concentrations. Samples collected inland (Orléans and Clermont-Ferrand) show the lowest sea salt contributions. Rainwaters from Dax have intermediate values (Fig. 13) , whereas rainwaters collected at Brest have the highest contributions of marine sea salt to Li and B concentrations (25% and 49.8% on average, respectively, for Li and B).
Although these results are not surprising, they show that although seawater does, indeed, supply dissolved atmospheric lithium and boron, non sea salt sources represent the major source of Li and B in rainwaters. This could be of importance in hydrogeochemical studies of surface water and groundwater bodies because rainwater is an input for the former and a recharge for the latter. The non sea salt signature for Li and B isotopes should, therefore, be taken into consideration for future studies in the investigation of their isotope systematics in water. Li values in rainwater samples were plotted as a function of Li derived from sea salt (Fig.   14a ) in an attempt to identify the different sources contributing to the rainwaters Li isotopes signature. For rainwater sampled at a coastal location (Brest), the marine contribution is relatively great (9 to 45%), but another source or other sources is/are needed in order to explain the range of variation in these δ Li values of +63.8, +77.6 and +95.6‰) are, however, notable because they have significantly heavier Li isotopic compositions than seawater. Négrel and Roy (1998) and Roy and Négrel (2001) have shown that rainwater in this area is likely to record an anthropogenic input due to agricultural activities (e.g. fertilizers application). These high δ This heavy lithium component is attributed to synthetic Li added into fertilizers and soil amendments, derived from a 7 Li-rich reagent, as was reported by Qi et al. (1997) . In addition, we have seen (section 5.2.2) that these 7 Li-rich rainwaters are characterized by air masses coming from the SSW of the sampling site during the winter and spring, which is when soils are fertilized and amended.
Lithium isotopes in rainwaters
When Li isotopes are plotted as a function of the Na/Li molar ratio (Fig. 15) B values ranging from -5 to +10‰, from +15 to +30‰ and from 0 to +35‰, for granite and gneiss, marine evaporite and carbonate, respectively (Barth 1993 (Barth , 2000 . This crustal component is expected to contribute to the B isotopic rainwater signature, although the crustal component is probably made up of a combination of several sources (different particles coming from different lithologies).
Plotting B isotopic compositions as a function of NO 3 /B molar ratios (NO 3 being a good tracer of fertilizer) provides additional and important information (Fig. 16) . Samples from Dax, for which we have already suggested a possible biogenic input, are in agreement with field data reported by Chetelat et al. (2005) for the biomass-derived end-member (this is also true for most samples from Orléans, located near a large forested area, "La Sologne", an area covering 500,000 ha). In addition, the B values in rainwaters from this study are little affected by anthropogenic emissions compared to those of rainwater sampled in Paris that have an urban aerosol component (Chetelat et al. 2009 ). Most rainwater samples from ClermontFerrand (for which we have cited a possible fertilizer input based on Li isotope data) also reveal a mixing trend toward a fertilizer end-member (Fig. 16) • Lithium and boron concentrations are low and comprised between 0.004 and 0.292 µmol/L and 0.029 and 6.184 µmol/L, respectively.
• δ 7
11
B values in rainwaters also vary greatly between +3.2 and +95.6‰ and -3.3 and +40.6‰ over a period of one year, respectively.
• The seasonal effect (i.e. the month or rainfall amount) is not the main controlling factor for these isotopic variations. However, the continental effect (distance from the coast) is a key parameter, determining the origin of both lithium and boron derived from marine sea salts. In addition, the origin of air masses (wind direction) is also a key parameter that controls the contribution of sea salts derived from the Ocean.
• The most striking outcome of this study is that most lithium and boron in rainwaters does not have a marine origin. Seawater is not the major supplier of atmospheric lithium and boron and a non-sea-salt source, such as a crustal component and/or an anthropogenic contribution, should also be taken into account when Li and B isotopes are studied in hydrogeochemistry as an input to surface waters and a recharge to groundwater bodies. This may be important in the understanding of dissolved Li and B distributions in ground-and formation waters, and should be taken into account in future studies.
• 
Figure 13
Histograms for Li and B contribution of marine sea salts (%) in rainwater samples. 
